Acute myeloid leukemia arising from chronic myelomonocytic leukemia is currently classified as acute myeloid leukemia with myelodysplasia-related changes, a high-risk subtype. However, the specific features of these cases have not been well described. We studied 38 patients with chronic myelomonocytic leukemia who progressed to acute myeloid leukemia. We compared the clinicopathologic and genetic features of these cases with 180 patients with de novo acute myeloid leukemia and 34 patients with acute myeloid leukemia following myelodysplastic syndromes. We also examined features associated with progression from chronic myelomonocytic leukemia to acute myeloid leukemia by comparing the progressed chronic myelomonocytic leukemia cases with a cohort of chronic myelomonocytic leukemia cases that did not transform to acute myeloid leukemia. Higher white blood cell count, marrow cellularity, karyotype risk score, and Revised International Prognostic Scoring System score were associated with more rapid progression from chronic myelomonocytic leukemia to acute myeloid leukemia. Patients with acute myeloid leukemia ex chronic myelomonocytic leukemia were older (Po0.01) and less likely to receive aggressive treatment (P ¼ 0.02) than de novo acute myeloid leukemia patients. Most cases showed monocytic differentiation and fell into the intermediate acute myeloid leukemia karyotype risk group; 55% had normal karyotype and 17% had NPM1 mutation. Median overall survival was 6 months, which was inferior to de novo acute myeloid leukemia (17 months, P ¼ 0.002) but similar to post myelodysplastic syndrome acute myeloid leukemia. On multivariate analysis of all acute myeloid leukemia patients, only age and karyotype were independent prognostic variables for overall survival. Our findings indicate that acute myeloid leukemia following chronic myelomonocytic leukemia displays aggressive behavior and support placement of these cases within the category of acute myeloid leukemia with myelodysplasia-related changes. The poor prognosis of these patients may be related to an older population and lack of favorable-prognosis karyotypes that characterize many de novo acute myeloid leukemia cases.
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Keywords: acute myeloid leukemia; chronic myelomonocytic leukemia; cytogenetics Chronic myelomonocytic leukemia is a hematopoietic malignancy characterized by peripheral blood monocytosis and displaying overlapping features of a myeloproliferative neoplasm and a myelodysplastic syndrome. In the initial French-American-British (FAB) classification, 1 chronic myelomonocytic leukemia was considered to be a subtype of myelodysplastic syndrome, but in 1994, the FAB group divided it into two types, 'proliferative' (chronic myelomonocytic leukemia-myeloproliferative type) and 'dysplastic' (chronic myelomonocytic leukemiamyelodysplastic type), based on a peripheral blood white blood cell count cutoff of 13 000/ml. 2 In 2001, the World Health Organization (WHO) subsequently classified chronic myelomonocytic leukemia within the group of myelodysplastic syndrome/ myeloproliferative disease neoplasms, but no longer distinguished proliferative and dysplastic subtypes. 3 Instead, the WHO recognized two subcategories (chronic myelomonocytic leukemia-1 and chronic myelomonocytic leukemia-2) based on the number of peripheral blood and bone marrow blasts, which appear to be the most important factors in predicting prognosis of chronic myelomonocytic leukemia patients. [4] [5] [6] Chronic myelomonocytic leukemia progresses to acute myeloid leukemia in up to one third of cases. [7] [8] [9] Acute myeloid leukemia arising in a patient with a history of chronic myelomonocytic leukemia is currently classified in the 2008 WHO classification as acute myeloid leukemia with myelodysplasiarelated changes. This aggressive subtype comprises a heterogeneous group of acute myeloid leukemia cases that either arise from a previous myelodysplastic syndrome or myelodysplastic syndrome/ myeloproliferative neoplasm (including chronic myelomonocytic leukemia), bear an myelodysplastic syndrome-related cytogenetic abnormality, or demonstrate significant multilineage dysplasia. 10 Regardless of the etiology, acute myeloid leukemia with myelodysplasia-related changes confers a poor prognosis. 11 Because of the relative rarity of chronic myelomonocytic leukemia (with an annual incidence estimated at 4 cases per 100 000 persons), [4] [5] acute myeloid leukemia arising from chronic myelomonocytic leukemia is uncommon and has not been extensively studied. In particular, most studies examining 'secondary acute myeloid leukemia' have not differentiated between cases following chronic myelomonocytic leukemia and those following myelodysplastic syndrome, and thus the particular features and prognosis of acute myeloid leukemia following chronic myelomonocytic leukemia are not well described. [12] [13] [14] [15] [16] In this retrospective, multi-institutional study, we evaluated the clinicopathologic and genetic features of 38 patients with acute myeloid leukemia arising after a prior diagnosis of chronic myelomonocytic leukemia. We examined the outcome of these patients in comparison with patients with de novo acute myeloid leukemia and acute myeloid leukemia arising from a myelodysplastic syndrome. In addition, we examined the clinicopathologic and genetic features that were associated with progression to acute myeloid leukemia in a larger group of chronic myelomonocytic leukemia patients, including the Revised International Prognostic Scoring System (IPSS-R) for myelodysplastic syndrome. 17 
Materials and methods

Patients
This retrospective study, performed with the approval of the Institutional Review Boards of all involved institutions, included 38 cases of acute myeloid leukemia, arising from patients with a documented diagnosis of chronic myelomonocytic leukemia (acute myeloid leukemia ex chronic myelomonocytic leukemia), originating from 4 institutions (18 from Massachusetts General Hospital, 7 from Weill Cornell Medical College, 7 from University of Pittsburgh Medical Center, and 6 from Institut Universitaire de Pathologie) diagnosed between 2000 and 2011. For comparison, 34 cases of acute myeloid leukemia arising from myelodysplastic syndrome (acute myeloid leukemia ex myelodysplastic syndrome) and 180 de novo acute myeloid leukemia cases were identified from one institution (Massachusetts General Hospital) over the same time period. The acute myeloid leukemia ex myelodysplastic syndrome cases followed diagnoses of refractory anemia with excess blasts (23 cases, including 11 cases of refractory anemia with excess blasts-1 and 12 cases of refractory anemia with excess blasts-2), refractory cytopenia with multilineage dysplasia (7 cases), myelodysplastic syndrome with isolated del(5q) (2 cases), refractory cytopenia with unilineage dysplasia (1 case), and refractory anemia with ring sideroblasts (1 case). As a control group for the time-to-progression analysis, 19 cases of chronic myelomonocytic leukemia (17 from Massachusetts General Hospital and 2 from Weill Cornell Medical College) with no documented transformation to acute myeloid leukemia over a period of at least 10 months (median follow-up 33 months) were identified between 2000 and 2011. Classification of all cases was according to the 2008 WHO classification criteria. Cases of therapy-related acute myeloid leukemia, myelodysplastic syndrome, or chronic myelomonocytic leukemia were excluded.
Clinical and Pathology Review
Clinical parameters were obtained from the medical record. The point of acute myeloid leukemia transformation was defined as the date of a bone marrow or blood sample documenting X20% blasts (including promonocytes). Therapies administered for chronic myelomonocytic leukemia, myelodysplastic syndrome, and acute myeloid leukemia were recorded as: supportive care (transfusion support and anti-infectives); low-intensity therapy (low-dose cytotoxic chemotherapy or clinical trial therapies not involving induction chemotherapy); induction chemotherapy; or allogeneic stem cell transplant at any time point in the treatment course.
The following bone marrow parameters of acute myeloid leukemia and chronic myelomonocytic leukemia cases were evaluated by review of aspirate smears and/or core biopsy material: cellularity, reticulin fibrosis grade (modified Bauermeister, grade 0-4), 18 For the chronic myelomonocytic leukemia and acute myeloid leukemia ex chronic myelomonocytic leukemia cases with available material, the bone marrow aspirate smears and core biopsy specimens were reviewed for erythroid, myeloid, and megakaryocyte dysplasia, as well as megakaryocyte number. The dysplasias were scored as follows: dysplastic cells comprising o10% of a lineage ¼ 0, 10-20% ¼ 1, 20-50% ¼ 2, and 450% ¼ 3. Dysplastic features of each lineage were defined according to the 2008 WHO classification recommendations. 19 The megakaryocyte number was scored as follows: none or very rare megakaryocytes ¼ 0, o3 megakaryocytes per 40 Â field ¼ 1, 3-5 per 40 Â field ¼ 2, and 45 per 40 Â field ¼ 3. These parameters were scored independently by two of the authors (RPH and ELC) and the final scores were the average of each observer.
Cytogenetics
Karyotypes were obtained from the pathology records and were reported using the International System for Human Cytogenetic Nomenclature. Cases were stratified according to the UK Medical Research Council 20 karyotype risk grouping for acute myeloid leukemia. The chronic myelomonocytic leukemia karyotypes were also stratified according to the IPSS scoring system, 21 the new Comprehensive Cytogenetic Scoring System (CCSS) for primary myelodysplastic syndrome, 22 and the recently proposed cytogenetic risk stratification system for chronic myelomonocytic leukemia. 23 The CCSS score was also used along with blood counts and bone marrow blast count to classify the chronic myelomonocytic leukemia cases according to the IPSS-R scoring system. 17 NPM1 and FLT3 Mutation Analysis NPM1 and FLT3 mutation status was obtained from available molecular diagnostic reports of acute myeloid leukemia, myelodysplastic syndrome, and chronic myelomonocytic leukemia cases. For the chronic myelomonocytic leukemia and acute myeloid leukemia ex chronic myelomonocytic leukemia cases with available paraffin-embedded material, NPM1 immunohistochemical staining was performed on deparaffinized bone marrow trephine sections 24 using the FLEX monoclonal mouse anti-human nucleophosmin antibody, Clone 376 (ready-to-use; Dako North America, Carpinteria, CA, USA) incubated overnight at 4 1C after antigen retrieval. The secondary antibody Mouse HRP (incubated for 15 min at room temperature) and the DAB Chromogen from Dako kit (K4006) were used. Counterstain was with Hematoxylin-2 from Richard Allan Scientific (Fisher/Thermo no. 7231). The presence of cytoplasmic NPM1 staining was considered indicative of an NPM1 mutation. 24 Nuclear C23 expression (C23 mouse monoclonal antibody; 1:60 dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used as a control for all cases showing cytoplasmic NPM1 expression.
Statistical Analysis
Categorical variables were compared using a twotailed Fisher's exact-test or w 2 test. Continuous variables were compared using a two-tailed Wilcoxon rank-sum test. Survival analysis was done using the Kaplan-Meier method and the log-rank test was used to determine the significance of the difference between variable classes. Cox proportional hazard model was used to model the relationship between overall survival and other significant prognostic factors.
Results
Clinicopathologic Features of Acute Myeloid Leukemia Ex Chronic Myelomonocytic Leukemia
Clinical and pathologic features of the acute myeloid leukemia ex chronic myelomonocytic leukemia patients, as compared with the acute myeloid leukemia ex myelodysplastic syndrome and de novo acute myeloid leukemia cases, are summarized in Table 1 . The acute myeloid leukemia ex chronic myelomonocytic leukemia patients were significantly older than the de novo acute myeloid leukemia patients (Po0.01), with a median age similar to the acute myeloid leukemia ex myelodysplastic syndrome population. There was no significant difference in the progression time to acute myeloid leukemia between the acute myeloid leukemia ex chronic myelomonocytic leukemia and acute myeloid leukemia ex myelodysplastic syndrome groups. The acute myeloid leukemia ex chronic myelomonocytic leukemia patients were treated with supportive care only (7 patients), lowintensity therapies (demethylating agents, 6 patients; hydroxyurea, 3 patients; low-dose cytarabine, 1 patient), induction chemotherapy (11 patients), or allogeneic stem cell transplant (6 patients); treatment of 4 patients was unknown. There were no significant differences in the types of therapies given for acute myeloid leukemia ex chronic myelomonocytic leukemia and acute myeloid leukemia ex myelodysplastic syndrome; however, patients with acute myeloid leukemia ex chronic myelomonocytic leukemia were significantly less likely to be treated with induction chemotherapy (P ¼ 0.02) or allogeneic stem cell transplant (P ¼ 0.01) compared with de novo acute myeloid leukemia patients.
Megakaryocyte dysplasia was frequently seen in the acute myeloid leukemia ex chronic myelomonocytic leukemia cases, with a median megakaryocyte dysplasia score of 2 (20-50% of cells dysplastic). In contrast, myeloid dysplasia (median score 0.5) and erythroid dysplasia (median score 1) were less prominent. The acute myeloid leukemia ex chronic myelomonocytic leukemia patients had a significantly higher peripheral WBC, absolute neutrophil count, and absolute monocyte count, and also higher bone marrow cellularity and bone marrow monocyte percentage than both the de novo acute myeloid leukemia and acute myeloid leukemia ex myelodysplastic syndrome patients. A total of 76% of acute myeloid leukemia ex chronic myelomonocytic leukemia were categorized as FAB M4 or M5, which was a significantly higher proportion compared with de novo acute myeloid leukemia (P ¼ 0.0004) and with acute myeloid Transformed chronic myelomonocytic leukemia leukemia ex myelodysplastic syndrome (Po0.0001). The median bone marrow blast count in acute myeloid leukemia ex chronic myelomonocytic leukemia was 40%, which was higher than acute myeloid leukemia ex myelodysplastic syndrome (P ¼ 0.02) but lower than de novo acute myeloid leukemia (P ¼ 0.01).
Cytogenetics and Mutation Analysis
The abnormal karyotypes for the acute myeloid leukemia ex chronic myelomonocytic leukemia patients and their precedent chronic myelomonocytic leukemia karyotypes are listed in Five of the 29 acute myeloid leukemia ex chronic myelomonocytic leukemia cases (17%) and 15/69 tested de novo acute myeloid leukemia cases (22%) had the NPM1 mutation (P ¼ 0.8). Of the five acute myeloid leukemia ex chronic myelomonocytic leukemia cases with a NPM1 mutation, one had the NPM1 mutation detected in the precedent chronic myelomonocytic leukemia and three had precedent chronic myelomonocytic leukemia lacking detectable NPM1 mutation (Table 3) ; the NPM1 mutation status was unknown for one chronic myelomonocytic leukemia case. An additional acute myeloid leukemia case with unknown NPM1 mutation status had an NPM1 mutation detected in the precedent chronic myelomonocytic leukemia. All 11 samples that had both immunohistochemical and molecular testing for the NPM1 mutation performed had concordant results by both tests, consistent with prior reports; 24 examples of NPM1 immunostaining patterns are shown in Figure 1 . A FLT3 mutation was detected in 2/10 tested acute myeloid leukemia ex chronic myelomonocytic leukemia cases (20%, both internal tandem duplication (ITD) mutations) and 16/74 tested de novo acute myeloid leukemia cases (22%) (P ¼ 1.0). Of the 4 NPM1-mutated acute myeloid leukemia ex chronic myelomonocytic leukemia cases that had FLT3 testing performed, 1 had a FLT3 ITD mutation and 3 were negative. All of the acute myeloid leukemia ex chronic myelomonocytic leukemia cases with NPM1 and/or FLT3 mutation and available cytogenetic results had a normal karyotype. The 5 acute myeloid leukemia ex chronic myelomonocytic leukemia cases with NPM1 mutation had progressed to acute myeloid leukemia from [20] 46,XX,t(11;11)(p15;q23.1) [20] No 44,XY,del(2)(q13),-4,der(5)t(2;5)(q13;q13),-7,12, þ mar [3] / 46,XY,t(7;21)(p13;q22),del(13)(q12q22) [2] /46,XY [7] 45,XY,t(7;21)(p12;q22),del (13) Transformed chronic myelomonocytic leukemia EL Courville et al chronic myelomonocytic leukemia in 0.5, 3, 3, 6, and 29 months; the acute myeloid leukemia case with unknown NPM1 mutation status but arising from NPM1-mutated chronic myelomonocytic leukemia had progressed to acute myeloid leukemia in 0.5 months.
Survival Analysis of Acute Myeloid Leukemia Ex Chronic Myelomonocytic Leukemia
The median follow-up time of surviving patients from the time of acute myeloid leukemia diagnosis was 17 months (range 11-43 months) for acute myeloid leukemia ex chronic myelomonocytic leukemia, 27 months (range 9-78 months) for acute myeloid leukemia ex myelodysplastic syndrome, and 27 months (range 2-106 months) for de novo acute myeloid leukemia. The median overall survival of the acute myeloid leukemia ex chronic myelomonocytic leukemia patients from the time of acute myeloid leukemia diagnosis was 6 months, similar to the acute myeloid leukemia ex myelodysplastic syndrome patients (9 months, P ¼ 0.37), but significantly inferior to de novo acute myeloid leukemia patients (17 months, P ¼ 0.002), as shown in Figure 2a . When the analysis was restricted to cases with an intermediate UK Medical
Research Council cytogenetic risk grouping, median overall survival of the acute myeloid leukemia ex chronic myelomonocytic leukemia patients (13 months) was borderline inferior to the acute myeloid leukemia ex myelodysplastic syndrome patients (16 months, P ¼ 0.10) and significantly inferior to the de novo acute myeloid leukemia patients (24 months, P ¼ 0.007), as shown in Figure 2b . Among the 6 acute myeloid leukemia ex chronic myelomonocytic leukemia cases with NPM1 mutation detected in either the preceding chronic myelomonocytic leukemia or the acute myeloid leukemia, 2 patients died of disease at 2 and 12 months and 4 patients were alive at 1, 11, 14, and 43 months after acute myeloid leukemia diagnosis. Multivariate survival analysis. The entire acute myeloid leukemia patient group (n ¼ 251 patients) was included in a multivariate model in order to identify factors independently associated with overall survival (Table 4) . Variables included were: patient age at acute myeloid leukemia diagnosis; UK Medical Research Council karyotype score; acute myeloid leukemia group (ex chronic myelomonocytic leukemia, ex myelodysplastic syndrome, or de novo); and prior treatment of antecedent myelodysplastic syndrome or chronic myelomonocytic leukemia other than supportive care or hydroxyurea. Increasing age and increasing karyotype risk score were significantly associated with an inferior overall survival (Po0.0001). Neither a history of antecedent myelodysplastic syndrome or chronic myelomonocytic leukemia nor a history of prior therapy for myelodysplastic syndrome or chronic myelomonocytic leukemia was independently associated with overall survival. Similar results were obtained when treatment history was excluded from the multivariate analysis (data not shown).
Clinicopathologic Features and Time-to-Progression Analysis of Chronic Myelomonocytic Leukemia
We performed a time-to-progression analysis on 57 chronic myelomonocytic leukemia patients, includ- Overall survival of the acute myeloid leukemia ex chronic myelomonocytic leukemia patients (median 6 months) is significantly shorter than the de novo acute myeloid leukemia patients (median 17 months, P ¼ 0.002), but similar to the acute myeloid leukemia ex myelodysplastic syndrome patients (median 9 months, P ¼ 0.37; log-rank test note, the IPSS-R score was more strongly associated with acute myeloid leukemia progression than the original IPSS score (P ¼ 0.004 vs P ¼ 0.01, respectively). There was no significant difference in time to progression based on bone marrow reticulin grade, bone marrow monocyte or blast percentages, or the chronic myelomonocytic leukemia subcategory (chronic myelomonocytic leukemia-1 vs chronic myelomonocytic leukemia-2). There was a suggestion of an association between bone marrow blasts plus monocytes Z10% and progression to acute myeloid leukemia, but this did not reach statistical significance (P ¼ 0.055). Statistical significance of the presence of an NPM1 mutation could not be evaluated because of the small number of cases with mutation, but both patients with NPM1 mutation identified at the time of chronic myelomonocytic leukemia diagnosis progressed to acute myeloid leukemia within 3 months.
Discussion
We analyzed the clinicopathologic and genetic features in a series of patients with acute myeloid leukemia arising after a prior diagnosis of chronic myelomonocytic leukemia. The acute myeloid leukemia ex chronic myelomonocytic leukemia cases retained 'proliferative' features, with a significantly higher peripheral WBC, absolute neutrophil count, absolute monocyte count, and higher bone marrow cellularity and monocyte percentage than either de novo acute myeloid leukemia or acute myeloid leukemia ex myelodysplastic syndrome cases. Most acute myeloid leukemia ex chronic myelomonocytic leukemia cases displayed monocytic differentiation (FAB M4 or M5), indicating preserved monocytic features from the antecedent chronic myelomonocytic leukemia. 25 Similar to the acute myeloid leukemia ex myelodysplastic syndrome patients, acute myeloid leukemia ex chronic myelomonocytic leukemia patients tended to be older and were more often male than de novo acute myeloid leukemia patients. The acute myeloid leukemia ex chronic myelomonocytic leukemia patients were less likely to receive aggressive treatment (induction chemotherapy or induction chemotherapy and bone marrow transplant) for their acute myeloid leukemia than the de novo acute myeloid leukemia patients, which may be a reflection of either their older age or history of prior chronic myelomonocytic leukemia therapy.
Most of the acute myeloid leukemia ex chronic myelomonocytic leukemia cases fell into the intermediate UK Medical Research Council karyotype risk group, with fewer in the adverse risk group, and none in the favorable risk group. NPM1 and FLT3 mutations were identified in a significant subset of the acute myeloid leukemia ex chronic myelomonocytic leukemia cases (17 and 18%, respectively). Although more frequent than the reported 8% rate in acute myeloid leukemia with myelodysplasia-related changes, 13 the NPM1 mutation rate in our series was similar to the 13% reported for a series of transformed myelodysplastic syndrome cases that included patients with chronic myelomonocytic leukemia. 26 All the tested karyotypes of the acute myeloid leukemia ex chronic myelomonocytic leukemia cases with NPM1 mutation were normal, similar to strong association of NPM1 mutation with normal karyotype in de novo acute myeloid leukemia. In two of our NPM1-mutated acute myeloid leukemia ex chronic myelomonocytic leukemia cases, the NPM1 mutation was not detected in the antecedent chronic myelomonocytic leukemia; although NPM1 is generally thought to be a 'founder mutation' in acute myeloid leukemia, 27 our data suggest that this mutation may occur as a secondary event in chronic myelomonocytic leukemia transformation to acute myeloid leukemia. Acquisition of NPM1 mutation has also been shown to occur during transformation of some myelodysplastic syndrome cases to acute myeloid leukemia. 26 Although NPM1 and FLT3 mutations are two of the most common molecular abnormalities in acute myeloid leukemia, particularly within the cytogenetically normal group, they are relatively uncommon in myeloproliferative neoplasms and myelodysplastic syndromes. 14, [28] [29] [30] Studies that evaluated chronic myelomonocytic leukemia specifically found the NPM1 mutation in 5-13% Transformed chronic myelomonocytic leukemia of patients. 14 In one study, all three NPM1-mutated chronic myelomonocytic leukemia patients had rapid progression to overt acute myeloid leukemia, whereas in the other study, one of the two patients progressed to acute myeloid leukemia. It would be difficult to entirely exclude that these cases were actually early-stage acute myeloid leukemia (akin to CBF-rearranged acute myeloid leukemia with o20% blasts); however, the current WHO guidelines do not permit classification as such. Our findings are in line with these prior studies: we found the NPM1 mutation in 2/44 (5%) of our chronic myelomonocytic leukemia cases, and both progressed rapidly to overt acute myeloid leukemia (in 0.5 and 3 months) as compared with the entire chronic myelomonocytic leukemia cohort. Other somatic gene mutations that have been reported to occur in chronic myelomonocytic leukemia include TET2 (36-51%), ASXL1 (27-49%), SRSF2 (36%), CBL (10-22%), RUNX1 (9-21%), NRAS (4-22%), KRAS (7-12%), and JAK2 (2-10%); 31-33 two of these, ASXL1 and RUNX1, have also been found with some frequency in a cohort of acute myeloid leukemia with myelodysplasia-related change cases (35 and 17%, respectively). 13 In our series, we found that the acute myeloid leukemia ex chronic myelomonocytic leukemia patients had a similar survival to the acute myeloid leukemia ex myelodysplastic syndrome patients and a significantly worse survival than the de novo acute myeloid leukemia patients. This difference in survival from the de novo acute myeloid leukemia patients persisted even after restricting the analysis to the subset of patients with UK Medical Research Council acute myeloid leukemia intermediate cytogenetic risk group, and the survival of acute myeloid leukemia ex chronic myelomonocytic leukemia was similarly poor for both intermediate and adverse UK Medical Research Council cytogenetic risk groups. These observations suggest that adverse somatic gene mutations that characterize chronic myelomonocytic leukemia (such as ASXL1 and TET2) and are presumably retained in subsequent acute myeloid leukemia may exert a negative prognostic effect, despite a frequently normal or other intermediaterisk karyotype. On multivariate analysis of the series of acute myeloid leukemia cases as a whole, increasing age and high UK Medical Research Council karyotype risk group were significantly associated with a worse prognosis independent of the diagnosis of or treatment for an antecedent hematologic neoplasm (chronic myelomonocytic leukemia or myelodysplastic syndrome); both favorable karyotype risk (only present within de novo acute myeloid leukemia) and intermediate karyotype risk (present within all groups) acute myeloid leukemia patients exhibited superior overall survival to those with high-risk karyotype. Within the acute myeloid leukemia ex chronic myelomonocytic leukemia patient group, univariate survival analysis also identified increasing age as being associated with worse survival, similar to published results for de novo acute myeloid leukemia. 34, 35 Although there were too few cases to attempt formal statistical comparisons regarding the NPM1 or FLT3 gene mutations, survival of the acute myeloid leukemia ex chronic myelomonocytic leukemia cases containing the NPM1 mutation were generally favorable compared with the other patients. This finding, as well as the rapid progression of NPM1-mutated chronic myelomonocytic leukemia patients to acute myeloid leukemia in our series and in another published series, 24 suggests that cases diagnosed as chronic myelomonocytic leukemia with an NPM1 mutation may actually represent early de novo acute myeloid leukemia exhibiting dysplastic features and monocytosis mimicking chronic myelomonocytic leukemia. 36 It may thus be useful to screen chronic myelomonocytic leukemia cases for NPM1 mutation and carefully follow cases with NPM1 mutation for possible rapid transformation to 'bona fide' acute myeloid leukemia.
We also examined clinicopathologic and genetic features that were associated with progression from chronic myelomonocytic leukemia to acute myeloid leukemia. Studies looking at the outcome of chronic myelomonocytic leukemia patients, performed at various time points along the evolution of the current chronic myelomonocytic leukemia classification scheme, have variably focused on survival or progression to acute myeloid leukemia as end points; 8, 9, [37] [38] [39] in our study, we used time-to-progression analysis to evaluate factors associated with acute myeloid leukemia evolution. Although a potential bias in the follow-up of chronic myelomonocytic leukemia cases with aggressive features (such as increased WBC or blasts) could have influenced the exact time that acute myeloid leukemia progression was detected, review of the medical records revealed similar followup intervals among the chronic myelomonocytic leukemia patients who progressed vs those who did not progress (data not shown). We found that a peripheral WBC of 413 000/ml (which had been used to distinguish chronic myelomonocytic leukemiamyelodysplastic and chronic myelomonocytic leukemia-myeloproliferative subtypes in the 1994 FAB classification system 2 ), as well as bone marrow cellularity of Z90%, were associated with more rapid progression to acute myeloid leukemia. Contradictory to some of the previously published literature, there was no significant difference in time to progression based on the chronic myelomonocytic leukemia subcategory that focuses on blast count alone (chronic myelomonocytic leukemia-1 or chronic myelomonocytic leukemia-2), although we found that adding bone marrow monocytes to blast percentage was borderline associated with progression to acute myeloid leukemia. Our data suggest that considering 'hyperproliferative features' such as very high bone marrow cellularity, WBC, and monocyte count in addition to the blast count may improve the ability to predict rapid acute myeloid leukemia progression in chronic myelomonocytic leukemia patients. These hyperproliferative features may reflect specific underlying genetic aberrations: in one recent series, the ASXL1 mutation in chronic myelomonocytic leukemia was associated with both a high WBC and more rapid progression to acute myeloid leukemia, 40 and RAS mutations in chronic myelomonocytic leukemia have also been associated with higher WBC and poorer survival. 41 The results of our study suggest that the presence of an NPM1 mutation in chronic myelomonocytic leukemia also appears to be a harbinger of rapid progression to acute myeloid leukemia. We performed cytogenetic risk grouping of the chronic myelomonocytic leukemia cases based on the new CCSS for primary myelodysplastic syndrome (in which 5.3% of the test set patients had a diagnosis of chronic myelomonocytic leukemia). On univariate time-toprogression analysis, an intermediate or unfavorable (poor or very poor) CCSS karyotype risk score was strongly associated with more rapid progression to acute myeloid leukemia. Using the newly published IPSS-R scoring system that incorporates the CCSS karyotype score as well as a depth of cytopenias and bone marrow blast count, we found that a higher IPSS-R score predicted more rapid progression to acute myeloid leukemia in our cohort of chronic myelomonocytic leukemia patients.
In summary, our findings support the placement of acute myeloid leukemia ex chronic myelomonocytic leukemia in the category of acute myeloid leukemia with myelodysplasia-related changes in the 2008 WHO classification 10 because of its significantly worse prognosis compared with de novo acute myeloid leukemia and frequent dysplastic morphology, particularly in megakaryocytes. This inferior prognosis of acute myeloid leukemia ex chronic myelomonocytic leukemia is not explained merely by a higher incidence of adverse karyotype compared with de novo acute myeloid leukemia, but rather appears to be related to an older patient population (treated less intensively when compared with the younger de novo acute myeloid leukemia cohort), absence of the favorable risk acute myeloid leukemia translocations inv (16) 42 The outcome and classification of the subset of acute myeloid leukemia ex chronic myelomonocytic leukemia patients with mutated NPM1, which confers a favorable prognosis in de novo acute myeloid leukemia, warrants further study.
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